INTRODUCTION
The relation between meteorological quantities and the mass balance of a glacier surface is important for understanding physical processes governing melt and for modelling the reaction of glaciers to climate change. Melt at the glacier surface is controlled by the surface energy balance (SEB), which can be expressed as:
where S in is incoming shortwave (solar) radiative flux, S out is outgoing/reflected shortwave radiative flux, L in is incoming longwave radiative flux, L out is outgoing longwave radiative flux, H S is sensible heat flux, H L is latent heat flux, G is the subsurface heat flux and Q is melting energy. Fluxes are defined as positive when directed towards the surface. Thus the melting energy, Q, can be expressed as:
where S net is the sum of the shortwave components, S in þ S out , and L net is the sum of the longwave components,
Previous measurements have shown that over melting glaciers S net is the most important contributor (e.g. Greuell and Genthon, 2004) , and that the radiative fluxes (S net þ L net ) often account for 50-80% of the melt energy, while the turbulent fluxes (H S þ H L ) contribute 20-50% of the melt (Willis and others, 2002; Hock, 2005) . Furthermore, previous studies have shown that the radiative fluxes are most important at continental alpine glaciers, while turbulent fluxes are more important for glaciers in more maritime conditions (Willis and others, 2002) . In order to study the importance of different components of the SEB on glacier melt in Norway, energy-balance studies were carried out on ten glaciers for the period 1955-81 (Liestøl, 1967; Klemsdal, 1970; Messel, 1971 Messel, , 1985 . A summary of these studies revealed that the relative importance of S net was largest in the drier interior and decreased towards the west coast (Messel, 1985) . Most of the previous studies of the surface energy balance on melting glaciers have been undertaken over shorter periods, from a few weeks to a few months. As the relative importance of the different components of the SEB depends strongly on weather conditions, their relative contributions may change during the melt season and from year to year (Hock, 2005) . Although S net usually is the dominant contributor over melting glaciers, it is the turbulent fluxes and L net that are directly affected by temperature changes, and it is therefore important to model them correctly when studying the climate sensitivity of glaciers. Use of automatic weather stations (AWS) provides the opportunity to obtain long and continuous records of meteorological data and to study the seasonal and interannual variations in the SEB at point locations (e.g. Oerlemans, 2000; Reijmer and Oerlemans, 2002; Mö lg and Hardy, 2004) and to calibrate spatially distributed energy-and mass-balance models that use input data from stations outside the glacier (e.g. Arnold and others, 1996; Klok and Oerlemans, 2002) .
Since September 2001 an AWS has operated in the ablation zone of Storbreen, Norway, providing a unique and near-continuous record of meteorology and mass balance of a glacier in the transition zone between maritime and continental glaciers. The AWS record from Storbreen is particularly interesting, since the glacier has one of the longest mass-balance series in the world, with a continuous record since 1949. The long record of Storbreen has been used for assessments and modelling in several studies (e.g. Dyurgerov, 2000; Ohmura, 2006; Rasmussen and others, 2007) . In this paper, we report on the mass balance and the surface energy balance and its components calculated from the AWS data of Storbreen for the five mass-balance years from 2001/02 to 2005/06. We use a physically based energy-balance model previously applied to AWS data from Antarctica (e.g. Van den Broeke and others, 2005) to determine the SEB. The model calculates the turbulent fluxes, L out and the subsurface heat flux as functions of the surface temperature, while the other fluxes are measured directly at the AWS. We study the interannual variations and also compare our data with results obtained at the glacier in the summer of 1955 (Liestøl, 1967) . We also investigate the sensitivity of the surface energy balance by perturbations of the input data, and the sensitivity of the model by varying the surface roughness length of momentum. Storbreen (61836' N, 888' E) is located in the western part of Jotunheimen, the highest elevated mountain massif in Norway (Fig. 1) . The glacier has a total area of 5.4 km 2 and ranges in altitude from 1390 to 2090 m a.s.l. The mean equilibrium-line altitude is 1763 m a.s.l. (Andreassen and others, 2005) . The length of this east-facing glacier is 3 km, and it has an average slope of 148 (Andreassen, 1999) . Storbreen has well-defined borders, and may be characterized as a short valley glacier or a composite cirque glacier. A subglacial ridge divides the glacier into two well-defined parts. Mass-balance investigations have been carried out every year since measurements began in 1949. The glacier is part of an east-west mass-balance transect in southern Norway where mass turnover is largest near the west coast and decreases towards the drier interior. Storbreen is in this respect considered as a continental glacier, with a smaller mass-balance turnover than the glaciers situated farther west and with a higher dependence on the summer balance than winter balance for the interannual variability in the net balance (e.g. Nesje and others, 2000; Andreassen and others, 2005; Rasmussen and Andreassen, 2005) .
SETTING
Micro-meteorological observations were carried out on Storbreen in the summer of 1955 (Liestøl, 1967) . A meteorological station was erected at 1600 m a.s.l., measuring shortwave radiation, wind speed, relative humidity, air temperature and surface height. The data were used to calculate daily values of the SEB. The calculations revealed that net radiation contributed 56%, convection (H S ) 31% and condensation (H L ) 13% to the melt at this location. Extrapolation to the whole glacier for a 10 day period gave almost the same results.
METHODS

Mass-balance observations
The mass balance at the AWS site is measured using standard methods (Østrem and Brugman, 1991) as part of the mass-balance programme on the glacier (e.g. Kjøllmoen and others, 2007) . The accumulated winter snow is measured in May by probing to the previous summer surface. Snow density is measured in one pit at the AWS. Ablation stakes are used to measure the relative elevation of the surface at the AWS and keep track of the accumulation and melting. We use between one and four stakes at the AWS. In addition we use readings from stake 2 of the ordinary stake network of Storbreen, situated 90 m north of the AWS (Fig. 1) . The summer ablation is measured by stake readings in September. Supplementary stake readings are carried out in July/August and often also in March/April. The winter (b w ) and summer balance (b s ) are calculated separately and the resulting net balance (b n ) is calculated as the sum of the two components,
The mass balance at Storbreen is calculated using the stratigraphic method, i.e. between two successive 'summer surfaces' (surface minima). Melting after the ablation measurements may occur in warm periods late in autumn, especially at the lower elevations of the glacier where the AWS is located. Melting after the last ablation measurement is considered part of the following year's winter balance. Thus, the reported winter balance, b w , may in some years be smaller than the reported winter accumulation, b acc . This was the case in the mass-balance year 2001/02 when additional melting occurred after the ablation measurement on 26 September. The reported b w for the glacier total was 1.1 m w.e., while b acc was 1.2 m w.e. For the other massbalance years in the period of AWS observations the reported b w was not adjusted for any additional melt.
AWS description
The AWS is located in the ablation zone of Storbreen, at $1570 m a.s.l. on a relatively flat and homogeneous ice surface with a mean surface slope of 68 (Fig. 1) (Fig. 2) . At both levels air temperature (T ), relative humidity (RH), wind speed (WS) and wind direction are measured. At the upper arm the four components of the radiation budget (S in , S out , L in and L out ) and surface height are measured. Air pressure is measured in the electronics enclosure. In addition, surface height is measured with a sonic ranger at a tripod drilled into the ice (Fig. 2) . Specifications of the AWS instruments used to calculate the SEB are listed in Table 1 .
AWS data treatment
The net shortwave radiation was calculated using the accumulated albedo, acc , defined as the ratio of the running mean S out and the running mean S in over a time window of 24 hours (Van den Broeke and others, 2004) . The albedo, acc , is then used together with instantaneous S out to calculate S net . This method improves S net , but removes the daily cycle in albedo. This is preferred because the daily cycle in albedo is strongly affected by the tilt of the radiation instrument and the poor cosine response of the radiation sensor at low sun angles. The relative humidity data were corrected with respect to ice instead of water when temperatures were <08C using the expression of Curry and Webster (1999) . In order to avoid errors in the temperature due to overheating of the sensor, a problem well known for unaspirated sensors in relation to high S net and low wind speed, the temperature data were corrected using a routine developed by Smeets (2006) . This routine uses wind speed and the sum of S in and S out as input and was developed based on Greenland measurements. The AWS provides a near-continuous record of meteorological observations from 6 September 2001 to 10 September 2006. Data are missing for the lower level for parts of three of the five winter seasons when accumulated snow buried the lower arm and damaged the wind sensor at this level. The tripod with sonic ranger was buried by snow in several winters and melted out of the ice in some summers. Thus, for some periods the surface elevation data are not continuous and readings of the ablation stakes are used to keep track of the cumulative melt in periods with missing data. The AWS fell down on 30 July 2004 (due to the opening of a crevasse) and rested horizontally on the surface until it was re-erected on 17 August 2004. Although the sensors measured continuously in this period, their orientation and height above the surface had changed and most of the data could not be used. The only variable we kept unchanged was air pressure as it is not so sensitive to the measurement height and also has a minor influence on the SEB compared to the other variables. For the variables S in , WS, L in and T we chose to use data from an identical AWS located on Midtdalsbreen, a northeast-facing outlet glacier from the ice cap Hardangerjøkulen located 120 km southwest of Storbreen; this AWS is also operated by IMAU. A comparison of the two datasets has shown that all the variables measured showed similar and simultaneous fluctuations (Giesen and others, unpublished information). Alternatively, we could have used average values for this period from the other years at Storbreen, but this would have damped the interannual variability which was what we intended to study. Furthermore, using the correlation with Midtdalsbreen preserves the inter-daily variations. We filled the S in and WS record by multiplying the data from Midtdalsbreen with the ratio of summed values measured on Storbreen and Midtdalsbreen for the period of the data gap in the other years. L in and T were calculated using the mean difference of the values between the two glaciers for the period considered. We calculated S out using the average ice albedo for the same period in 2002, 2003 and 2006 . We assumed that L out was constant at 315.6 W m -2 (as for a melting surface). Although the data gap is only 19 days and the correlation with Midtdalsbreen is good, the resulting data from the summer of 2004 are more uncertain than the other years and should be interpreted with some care.
Calculation of turbulent fluxes
The turbulent fluxes were calculated by the bulk method where Monin-Obukhov similarity theory is applied to one atmospheric level and the surface. The bulk method is effective in determining turbulent scaling parameters, even under conditions of shallow katabatic flow (Denby and Greuell, 2000) , and is not sensitive to errors in measured profiles because the near-surface gradients by far exceed those higher in the surface layer. We assume that at the glacier surface the wind speed is zero and that the air is saturated. The sensible and latent heat fluxes, H S and H L , are calculated as:
where is air density, c p is the specific heat capacity of dry air at constant pressure (c p ¼ 1005 J K -1 kg -1 ), and L v,s is the latent heat of vaporization or sublimation depending on the surface temperature. The turbulent scales of wind speed, temperature and humidity (u Ã , Ã and q Ã , respectively) can be approximated as:
where ¼ 0.4 is the von Kármán constant, z v , z T and z q are the measurement levels of wind speed, temperature and humidity, z 0v , z 0T and z 0q are the surface roughness lengths associated with v, T and q (momentum, heat and moisture), and m and h are the vertically integrated stability corrections for momentum and heat, respectively. The Obukhov length scale, L, is defined as:
where g is the gravitational acceleration. The wind-speed, relative-humidity and air-temperature data from the upper arm were used as atmospheric input data. Preferably the wind-speed data from the lower arm should be used since at sloping glaciers shallow katabatic winds can occur quite often at $2 m height (e.g. Denby and Greuell, 2000) and the upper arm could miss the strong near-surface shear that results. We used the stability functions proposed by Holtslag and de Bruin (1988) , which yield the most physically realistic corrections under stable conditions (Andreas, 2002) , occurring >95% of the time on Storbreen. The stability functions by Dyer (1974) were used for unstable conditions. When using the wind speed from the upper measurement level, the stability correction will have a tendency to reduce the estimate of the turbulent fluxes. Therefore, based on comparison with the lower level, we limited the flux reduction under stable conditions to be one-third.
To calculate the roughness length of momentum, z 0v , we compared the wind speed measured at the lower and upper Table 4 ).
arm under near-neutral conditions, i.e. at high wind speeds. Due to the rather low wind speeds at Storbreen, very few data points were available and they were biased towards winter. A comparison of the z 0v values derived for Storbreen and Midtdalsbreen showed that the values were similar in periods when they were available for both stations. Therefore, we decided to use the calculated median z 0v values derived for snow (0.13 mm) and ice (0.75 mm) surfaces at the AWS location on Midtdalsbreen. The model thus uses a two-step z 0v value, 0.13 mm when the surface is snow and 0.75 mm when the surface is ice. Roughness lengths for heat (z 0T ) and moisture (z 0q ) were calculated within the model using the expressions of Andreas (1987) .
Calculation of the melting energy (Q ) and melt (M )
The energy available for melt, Q, at the AWS location of Storbreen was calculated using Equation (2). The energy fluxes are defined as positive when directed towards the surface. The model treats the surface as a 'skin' layer without heat capacity, and the heat added or removed by precipitation is neglected. The time-step is 10 min and model input is obtained by linear interpolation from the 30 min values from the AWS. The S in , S out and L in are taken directly from observed and corrected data, while L out , H S , H L and G are written as functions of the surface temperature T s . H S and H L are calculated from the wind speed, relative humidity and temperature data using Equations (4-9). The subsurface heat flux, G, is calculated using the snow/ice temperature gradient just below the surface. The model uses an iterative procedure to solve the SEB for T s . The full solving procedure is described in Van den Broeke and others (2005) . When the T s found by the model exceeds the melting point, T s is set back to 08C and the excess energy is used for melting. The surface melt, M, is calculated as:
where L f is the latent heat of fusion (L f ¼ 3.34 Â 10 5 J kg -1 ). Meltwater is routed through the snowpack as described below.
Subsurface model
A subsurface model was used to calculate snow and ice temperatures and liquid water content in the snowpack, and to allow for refreezing. Heat conduction in the snow is calculated by solving the one-dimensional heat-transfer equation on grid levels spaced 0.04 m apart down to 20 m depth. The initial temperature profile is obtained by running the model for a year (summer 2001 to summer 2002), and the resulting subsurface temperature profile is used for model initialization. The temperature at 20 m depth is supposed to remain stable. Once T s reaches the melting point, the available energy calculated from Equation (2) is redirected to melting. Meltwater is allowed to penetrate into the snowpack and refreeze. If the meltwater reaches the ice surface without refreezing, it is assumed to run off. The number of snow layers is dictated by the observed/ reconstructed snow depth. A constant snow density of 500 kg m -3 is used.
Validation of the calculated SEB
In our model, T s is calculated by the model by solving Equation (1) for T s and thus closing the energy balance. In order to validate the robustness of the SEB calculations, we also calculated the SEB using the observed T s (calculated from observed L out assuming unit emissivity of the surface).
In this method, the surface energy balance does not necessarily close because of errors in the measurements and model calculations. A problem for calculating T s using this method is that L out received at the sensor will include radiation emitted by the atmosphere between the glacier surface and the sensor, particularly when the air is much warmer than the surface. This problem is potentially serious under melting conditions. However, as we maximize observed T s at the melting point when comparing observed and modelled T s , this will not have a large effect on the results. The average difference in T s between the two methods is 0.088C with a root-mean square error (rmse) of 1.38C, which is a good result given the uncertainties in the data and SEB calculation methods. The total melt calculated using the observed T s and modelled T s was 17.38 and 17.65 m w.e., respectively. The difference in melt is 0.27 m w.e., or 0.05 m w.e. a -1 , and is small compared to the total melt. In the following we refer to the results calculated from the model using the modelled T s .
We also compared the runoff (i.e. melt -refreezing) calculated from the SEB with the measured surface lowering from stakes between the observation dates in May and September (Fig. 3) . The results generally agree well. The rmse of the modelled melt from the AWS data and the observed melt from the stakes is 0.11 m w.e., which is within the uncertainty of the stake readings and SEB calculations. Note that the ablation calculated from stakes is based on the surface lowering, so that possible melt of new snow after the accumulation season will not be included, whereas the model calculates total melt from the SEB. Thus, summer snowfalls may explain some of the difference. The amount of ablation from summer snow is small at the altitude of the AWS, however, and not considered important. A comparison of the cumulative melt with melt calculated from the sonic-ranger data when the surface is ice showed very good agreement where data were available (Fig. 4) . It is not possible to make this comparison for the snowmelt period, as the snow density will vary and the variation in snow density is not measured. 
RESULTS
Wind speed, air temperature and humidity
To compare the weather conditions in each summer season we averaged the data over the period 1 June to 10 September which is the dominant melt period, hereafter referred to as the summer mean ( Table 2 ). The summer mean wind speed at Storbreen varies between 3.0 and 3.5 m s -1 (Table 2) . The wind has a small but noticeable daily cycle, with maximum wind speeds early in the afternoon; the second maximum slightly lags air temperature (Fig. 5) . The dominant wind direction is down-glacier. Liestøl (1967) reported a 'pronounced ''Gletscherwind''' on Storbreen, especially on days with good weather. The low-level summer wind and the dominant wind direction down the glacier indicate that the wind flow at the AWS is of katabatic origin most of the time, which is typical for many glaciers (Van den Broeke, 1997; Oerlemans and Grisogono, 2002) .
The 
Shortwave radiation
Summer mean S in is remarkably stable in the period 1 June to 10 September and varies between 183 and 185 W m -2 over the 5 years (Table 2) , while S out varies considerably between the years, between -86 (2002) and -119 W m -2 (2005). Thus, the variation in the contribution to interannual variation in S net (Table 3) is mainly caused by variation in S out , due to differences in albedo.
The net shortwave radiation observed at Storbreen has a distinct daily cycle in contrast to the smaller daily cycles in the turbulent and longwave fluxes (Fig. 5) . The atmospheric transmissivity, , is defined as the fraction of the top-ofatmosphere (TOA) radiation reaching the glacier surface. The seasonal mean ranges between 0.44 and 0.45 (Table 2) ; in other words less than half of the TOA radiation reaches the glacier surface. While the seasonal mean is remarkably constant because there is little variation in S in in this period, the daily averaged for the 5 year observation period reveals that is highest from mid-March to mid-June and then drops markedly from June to September (Fig. 7) . This indicates more clear-sky weather in spring and cloudier conditions in late summer and autumn at Storbreen. Shading can be a significant factor on the shortwave radiation at many glaciers (Oerlemans, 2001 ), but is not very dominant at the AWS location as revealed from the daily cycle in S in (Fig. 5) . The glacier is relatively wide and the mountain walls surrounding parts of the glacier are not too steep and do not range very high above the glacier. Thus, the main reduction in S in compared to the TOA radiation is due to atmospheric conditions and not shading. Figure 8 illustrates the development in daily surface albedo in 2003 and 2005, two rather different years with respect to snow accumulation and melting. In both years, the dry snow albedo fluctuates around 0.9. In 2003 several early melt episodes lowered the snow albedo significantly. The 2003 winter accumulation at the AWS was 20% below the mean, and the surface became snow-free at the beginning of July. In 2005 the winter accumulation was larger than the mean and the surface albedo stayed high until mid-August when the surface became snow-free. Although the duration of the ice melt varies, the ice albedo values are similar in both years and fluctuate around 0.3. Late-summer snowfalls at the end (Table 2) .
Albedo
Longwave radiation
The largest absolute fluxes in the energy budget are L in and L out , but they nearly cancel each other. The L in summer mean ranges between 302 and 313 W m -2 , while the L out ranges between -314 and -315 W m -2 (Table 2) . L net is generally negative, but is positive several days each summer when the atmosphere is warm and humid.
Turbulent fluxes
The sensible heat flux (H S ) is positive most of the year, whereas the latent heat flux (H L ) is negative most of the time, but becomes positive in the summer months, indicating condensation instead of sublimation. The summer mean value of H S varies between 17 and 24 W m -2 and is generally highest in the warmest years. H L is much smaller than H S ; the summer mean H L ranges between 5 and 15 W m -2 . Seasonal mean values of turbulent scales of wind speed, temperature and humidity, u Ã , Ã and q Ã ( Table 2 ), reveal that Ã (0.16-0.21) makes the largest contribution to the turbulent fluxes, u Ã (0.11-0.13) is smaller and is nearly constant for the 5 years and q Ã (0.02-0.05) has less influence on the fluxes than the other scales.
Surface energy budget during melt
The surface energy-balance calculations for the whole observation period 2001-06 show that the surface is at melt (defined as Q > 0 and T s ¼ 08C) for 33% of the time (using 1 hour values averaged from 30 min values). The total energy flux (Q) contributing to melt averaged over the whole period is 113 W m -2 (Table 3) (Table 3) is similar to the seasonal mean averages ( Table 2) . The interannual variation in the SEB is mainly caused by variation in S out , H S and H L , while S in , G and L net are the components with the smallest interannual range (Tables 2  and 3 ).
Melt season
The duration of the melt season is illustrated in Figure 9 , where all days with melt are plotted. Melt episodes occur in The highest melt rate is typically found from mid-July to mid-August, when the surface is snow-free, the albedo low and S in still rather high, which is illustrated for 2003 and 2005 in Figure 10 . The melt season started earlier in 2003, with runoff from the glacier as early as late May. The melting peaked in mid-July with a daily melt of 76 mm w.e. The daily melt was lower in 2005, due to lower temperatures and the much shorter period of ice exposure at the surface, as also illustrated by the daily albedo values (Fig. 8) . However, the melt season lasted until later in the year in 2005, mainly due to a warm October (Fig. 6 ).
Accumulation and melt at the AWS site
At the AWS site, the measured b acc ranged between 0.67 and 1.48 m w.e. (Table 4) (Fig. 3) , and the interannual variations are well captured by the model considering the uncertainties in the measurements and the model. The total runoff for the whole period calculated with the SEB model (16.4 m w.e.) is the same as the calculated ablation from the total surface lowering from the stakes (Fig. 11) plus the summed measured b acc (11.7 þ 4.7 ¼ 16.4 m w.e.). The estimated accuracy in the total mass balance calculated from stakes and accumulation measurements is AE0.20 m w.e. The total modelled melt and refreezing is 17.6 and 1.5 m w.e., respectively. The model results imply that 8% of the total superficially produced meltwater at the AWS location refreezes. This refreezing mainly takes place in April and May (Fig. 9) . 
Glacier-total mass balance
The specific winter, summer and net balances measured at Storbreen in the period of the AWS observations, 2001-06, deviate markedly from the means of the reference period, 1971-2000, (Fig. 12) . Four of the five years had a more negative summer balance than the mean of the reference period. The b s measured in 2006, 2002 and 2003 are the largest, second largest and fourth largest negative balances ever measured at the glacier, coinciding with three of the warmest summers measured in Norway since measurements began in 1876 (Andreassen and others, 2005, 2007) . The b w measured is lower than the mean of the reference period for four of the five years. The combination of more negative b s and lower b w than the average for the reference period led to pronounced deficits in four out of five years. The deficit in 2006, -2.1 m w.e., is the largest ever measured at the glacier (Andreassen and others, 2007; Kjøllmoen and others, 2007) . Only in 2004/05 was the glacier nearly in balance, with a very small deficit. The mean net balance for the period 2001-06 is -1.2 m w.e., while the mean of the reference period, 1971-2000, is -0.1 m w.e. Thus, the AWS observations cover a 5 year period with an unusually strong mass deficit on Storbreen.
DISCUSSION
Sensitivity of the model to variations in z 0v
Roughness length for momentum values recorded over melting glaciers has been reported to vary over three orders of magnitude, from 0.2 to 50 mm (Brock and others, 2006) . Our two-step z 0v values of 0.13 mm when the surface is snow and 0.75 mm when the surface is ice, are within, but in the lower range of, the reported values from other glaciers. As described above, the median values were derived from the Midtdalsbreen AWS data due to the small sample of data points available for Storbreen, and this might introduce errors. As the data were similar in periods where they were available for both stations, however, there is good reason to believe that the chosen median values are representative of Storbreen.
The uncertainty in determination of the roughness length for momentum, z 0v , has been identified as the largest uncertainty in the calculation of the turbulent fluxes (Braithwaite, 1995) , although Munro (1989) noted that use of the parameterization of Andreas (1987) ensures that when z 0v increases, z 0T decreases, and this strongly dampens changes in the fluxes. However, Klok and others (2005) revealed that their model was more sensitive to omitting the correction for stability (change in specific mass balance of -0.45 m w.e.) than to increasing or decreasing z 0v by one order of magnitude (-0.13 and þ0.13 m w.e., respectively).
We tested the sensitivity of our model to our chosen twostep value of z 0v by carrying out two additional runs with a constant z 0v of 0.13 and 0.75 mm. Comparing the two runs using constant z 0v with the reference run using the two-step value of z 0v shows that when using 0.75 mm, the mean H S þ H L increases by 7% and the total runoff increases by 0.29 m w.e. for the whole period. When using 0.13 mm, the mean H S þ H L decreases by 10% and the total runoff by 0.59 m w.e. (Fig. 13) . Accordingly, the total change in runoff is smaller using 0.75 mm than 0.13 mm. Since most of the melt occurs when the surface is ice, the change due to using z 0v for ice when the surface is snow does not affect the melt as much as when z 0v for snow is used in the ice melt period. The calculated change in mean runoff is only þ0.06 and -0.12 m w.e. a -1 , representing a 2% increase or 4% decrease in runoff, respectively. Thus, the change in runoff by varying z 0v by more than half an order of magnitude is not substantial compared to the total modelled runoff for the whole period (16.4 m w.e.). Our results are therefore not as sensitive to the chosen value of z 0v as studies by Braithwaite (1995) and Brock and others (2000b) , but are more comparable with the sensitivity results of Klok and others (2005) .
Although some of the variation in the sensitivity of z 0v between studies might be due to differences in climatic setting and variation in absolute and relative size of energy fluxes and total melt, differences in model set-up may also explain much of the variation in sensitivity. The model used by Klok and others (2005) is very similar to the model we use, while the work by Braithwaite (1995) and Brock and others (2000b) does not use the expressions by Andreas (1987) to calculate z 0T and z 0q . Furthermore, as the model we use solves the energy balance by varying T s , relatively small errors in measurements or model parameters can be A study by Giesen and others (unpublished information), using the same model for Midtdalsbreen, reveals that uncertainties in the values of z 0v , the stability functions and the ice density, as well as remaining errors in the radiation fluxes, all are the same order of magnitude. Thus to further improve the modelled SEB, all of these should be improved, not just z 0v . Close correspondence between measured and modelled total and cumulative runoff as well as the calculated rmse of T s , however, lead us to conclude that both the surface energy-balance instrumentation and calculations are reliable and that the SEB model is robust and includes the main processes of melting at the AWS location.
Sensitivity of the calculated energy balance and melt to variations in T, RH and WS
To test the sensitivity of the calculated energy balance and ablation to changes in the input data, we prescribed perturbations of air temperature, T, (AE18C), wind speed, WS, (AE10%) and relative humidity, RH, (AE10%), and re-ran the model for the whole period, 2001-06. The sensitivity results only reveal the changes in turbulent fluxes, since the radiative fluxes and the snow depth are prescribed in the model from the measured data. Thus, the effect on the net radiative fluxes by varying T, WS and RH is not included. Generally, the sensitivity is nearly the same for a decrease in the input data as for the same relative increase (Fig. 14) . The sensitivity runs show that the runoff will increase by 0.33 m w.e. for a 18C increase in T, while it will decrease by 0.31 m w.e. for a 18C decrease (Fig. 14) . The sensitivity to a AE10% change in RH is almost as high as for a 18C change in T, þ0.28 and -0.29 m w.e. Sensitivity to increasing the WS by 10% was +0.10 m w.e., a decrease gave -0.10 m w.e. The results show that the model is three times more sensitive to a 18C change in T than a 10% change in WS and that a rather high increase in RH and WS is needed to get the same effect as from a 18C increase in temperature. Such an increase is beyond the observed interannual variation in RH and WS in the period of the measurements.
Importance of the individual components and interannual variability in SEB and melt
Our results clearly reveal that net radiation is the most important energy source for melting at the AWS site at Storbreen, because it produces three-quarters of the total melt in the observation period. S net is thus by far the dominant energy flux, since L net has a smaller and negative contribution to the budget. H S is twice as large as H L , and the turbulent fluxes together contribute one-quarter of the melt. The subsurface heat flux, G, plays a minor role in the total summer SEB. The relative importance of the individual components to the total melt varies between the years; the share of net radiation to the melt ranges between 68 and 83%.
Comparison of the seasonal mean fluxes of the SEB reveals that S in , L out and G show little interannual variability (Table 2) . While this result is as expected for L out and G, the result for S in is interesting and indicates that variations in cloud cover or others factors determining the atmospheric transmissivity are small in the main melt period and therefore have no significant influence on the interannual variations in melt at the AWS location.
Of all the components in the summer mean SEB, S out shows the largest range in magnitude (33 W m -2 ). The main difference in S net is caused by the variations in S out , implying that surface albedo has a strong influence on the magnitude of S net and thus on the total energy available for melt at Storbreen. The interannual ranges in H S , H L and L in (7, 10 and 11 W m -2 , respectively) are each of smaller magnitude than the range in S net , but summed they contribute considerably to the interannual variability. Simple correlation analysis of the set of five seasonal mean values shows that 89% of the variability in b s is explained by the variation in T (r 2 ¼ 0.89). Although 5 years is a small set for this type of analysis, the result reflects, nevertheless, the importance of T on many of the individual components of the SEB. T directly influences H S , H L and L in , and also affects S out through its influence on albedo. Air temperature will particularly control when the melt commences and how fast the winter snowpack is removed. Early exposure of glacier ice will amplify the melt due to the lower albedo of ice. Snow albedo is also influenced by air temperature and can be described empirically as a function of accumulated daily maximum temperatures since snowfall, as demonstrated by Brock and others Fig. 13 . Modelled cumulative runoff using three different parameterizations of z 0v : (1) constant z 0v ¼ 0.13 mm (as for a snow surface), (2) variable value of z 0v , when surface is snow z 0v ¼ 0.13 mm, or when surface is ice z 0v ¼ 0.75 mm (3) constant z 0v ¼ 0.75 mm (as for an ice surface).
(2000a). Furthermore, T partly determines how long-lived summer snowfalls are, although this is not very important at the low altitude of the AWS. The seasonal mean T and seasonal mean surface albedo are highly correlated (r ¼ -0.85, r 2 ¼ 0.72). The amount of winter accumulation also has an impact on albedo (r ¼ 0.72, r 2 ¼ 0.52), as high b w will extend the period of snowmelt and reduce the period of ice melt, assuming other conditions are the same. The interannual variability in albedo, however, is more controlled by air temperature than b w in the period of observations.
It is interesting to compare our results with the previously reported meteorological studies on Storbreen during the 1955 summer (Liestøl, 1967) . The meteorological station in 1955 was located at $1600 m a.s.l., at nearly the same altitude and about the same location as the present AWS considering the surface lowering of the glacier since 1955. Descriptions of the measurements and daily values are available for the period 6 July to 8 September. The period accounted for $80% of the ablation in 1955. In this period, radiation (S net þ L net ) contributed 56%, convection (H S ) 31% and condensation (H L ) 13% of the melt. The weather observations are not published, but Liestøl (1967) reported a late start of the ablation, followed by a dry and warm summer. The b w and b s (only specific values for the whole glacier are reported) in 1955 were 1.57 and -2.06 m w.e., respectively. These mass-balance values are most similar to the values of 2005 from our observation period. Using the same dates as in 1955, the 2005 data indicate the melt was made up of 61% radiation, 24% convection and 15% condensation. Our results cannot be compared directly with the results from 1955 due to differences in instrumentation, methods and calculations. Also, the snow and weather conditions were not identical. However, we can conclude that the previous results are comparable to ours with respect to the contribution of S net , H S and H L .
Previous studies on glaciers in Norway have revealed the contribution of net radiation generally decreased from the continental glaciers in the east (70-80%) towards the maritime glaciers in the west (40-50%), reflecting differences in synoptic climate from continental to more maritime conditions (Messel, 1985) . Willis and others (2002) summarized values from other energy-balance studies, but their selection did not include any Norwegian glaciers. Their study suggests that in continental alpine areas the radiation and turbulent fluxes contribute on average 77% and 22%, respectively, of the melt, while their selection from maritime alpine areas suggests the radiation and turbulent flux contributions were 49% and 50% on average, respectively. The mean values for Storbreen in the observation period 2001-06 are thus comparable to the values found on other continentally located glaciers.
Melt at AWS location compared to glacier-total melt
All the SEB results presented here apply to a single location in the ablation zone of the glacier and are not necessarily representative of the glacier total. The AWS is located at $1570 m a.s.l., while the location of the equilibrium altitude of the glacier in balance is $1750 m a.s.l. A study of the overall SEB for a 10 day period on Storbreen in 1955 revealed that the relative importance of net radiation, H S and H L was almost the same for the whole glacier (54%, 32%, 14%) as for the location at the meteorological station on the tongue (56%, 31%, 13%) (Liestøl, 1967) . Rasmussen and Andreassen (2005) studied the seasonal mass-balance profiles of ten glaciers in Norway including Storbreen. They found that the profiles are nearly linear for all glaciers and that the balance gradient varied little from year to year. Furthermore, their study showed that balance at a site near the middle of the altitude range of the glacier correlates best with glacier-total balance. The correlations, r, of b n , b s and b w at the altitude of the AWS site with the glacier-total b n , b s and b w are 0.94, 0.99 and 0.89, respectively (personal communication from A. Rasmussen, 2007) . That is, there is a good correlation between the mass balance at the altitude of our AWS site and glacier-total balance. This does not necessarily imply that the SEB results from the AWS location are representative of the rest of the glacier, as the meteorological conditions will vary depending on surface topography and elevation, and extrapolation is not straightforward (Greuell and Smeets, 2001; Hock, 2005) . However, as temperature (T ) and albedo explain most of the variation in b s at the AWS site and as other factors (e.g. and WS), are of minor importance to the variability, the high ablation for the glacier total is mainly caused by high T and by amplified melt caused by low mean albedo (due to high T and low b w ).
The observed interannual variation in the relative and total magnitude of the surface energy balance fluxes points to the importance of making meteorological observations for several years to cover different weather and mass-balance conditions. As the AWS data cover a 5 year period with an unusually strong mass deficit on Storbreen, the results derived from the AWS in this period are not necessarily representative of previous years of mass-balance measurements. Observations for a few years with more balanced or positive glacier-total balances are desirable.
CONCLUSIONS
In this paper, we use a physically based energy-balance model to determine the surface energy balance from AWS data at Storbreen for the five mass-balance years from 2001/ 02 to 2005/06. The model calculates L out , H S , H L and G as functions of the surface temperature, T s , while S in , S out and L in fluxes are measured directly at the AWS. Good comparison between modelled and observed T s , as well as good agreement between modelled runoff and observed surface lowering measured from stakes and sonic-ranger data, indicate that all the important processes are included in the SEB model and that the calculations are robust. Model runs using perturbations of the input data show that the model is three times more sensitive to an increase or decrease in temperature by 18C than by increasing the wind speed by 10%. The model is not as sensitive to the chosen value of the roughness length of momentum, z 0v , as previous studies.
Net radiation is the most important energy source for melting at the AWS site at Storbreen, producing threequarters of the total melt in the observation period. S net is the most dominant energy flux, while L net makes a negative contribution to the budget. The turbulent fluxes together contribute to one-quarter of the melt, the magnitude of H S being twice the magnitude of H L . The subsurface heat flux, G, plays a minor role in the SEB of Storbreen, but calculations show that 8% of the meltwater refreezes. Refreezing mainly occurs in April and May.
S in shows little interannual variability, revealing that variations in cloud cover or other factors determining the atmospheric transmissivity have no significant influence on the interannual variations in melt at the AWS location. The main difference in S net is due to variations in S out , implying that surface albedo has a strong influence on the total energy available for melt at Storbreen. Variations in T and albedo explain most of the interannual variation in b s at the AWS site.
